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ABSTRACT 

Introduction Cerebral aneurysms occur in up to 5% of 
the population. There are several murine models of 
aneurysms; however, all have limitations and none 
reproducibly model aneurysm rupture. To fulfill this need, 
we modified two current rodent aneurysm models to 
create a murine model which reproducibly produces 
intracranial aneurysms and rupture. 
Methods The left common carotid arteries and the 
right renal arteries were ligated in C57BL/6 female mice 
with a hypertensive diet. One week later, small burr 
holes were created with a stereotactic frame using the 
following stereotactic measurements: 1.2 mm rostral and 
0.7 mm lateral to the right of the bregma. A 26 G 
needle was gradually advanced via the burr hole until 
contact with the skull base, upon which the needle was 
pulled back 0.3 mm. Five, 10 and 20 ul of 10 U/mL 
elastase solution and 10 uL of 1 U/mL elastase solution 
were stereotactically injected into the basal cisterns. 
Angiotensin II was then continually infused at a dose of 
1000 ng/kg/min via an osmotic pump placed 
subcutaneously. In the control mice, 20 jaL bromophenol 
blue solution was injected. Three weeks later, or earlier 
if mice expired prior to 3 weeks, the circle of Willis was 
inspected by microscopy for aneurysm formation and/or 
signs of rupture. Histological analyses were then 
performed to evaluate elastic lamina destruction, 
inflammatory cell and macrophage infiltration, absence 
of intimal endothelial cells and thickening of the 
smooth muscle layer within the aneurysm wall. To 
compare with human aneurysms, human aneurysm 
specimens (n=35; 34 unruptured and 1 ruptured) and 
normal control superficial temporal arteries (STAs) (n=9) 
were examined. 

Results All mice given 5, 10 and 20 pi of 10 U/mL 
elastase solution developed intracranial aneurysms within 
the circle of Willis; 40%, 60% and 50% of mice had 
ruptured aneurysms, respectively. In mice given 10 jllL of 
1.0 U/mL elastase solution, 90% developed intracranial 
aneurysms and 20% had ruptured aneurysms. 
Aneurysms were confirmed by examining the destruction 
of the elastic lamina. Aneurysms consistently 
demonstrated CD45 positive inflammatory cell and F4/80 
positive macrophage infiltration within the aneurysm wall 
which was not present in the circle of Willis of normal 
sham-operated mice. These results were similar to those 
in human aneurysms and STA control arteries. 
Conclusions We modified two current rodent 
aneurysm models to create a murine model that 
produces consistent aneurysms and rupture and can be 
used for studying cerebral aneurysm formation, rupture 
and treatment. 



INTRODUCTION 

Cerebral aneurysms (CA) occur in up to 5% of the 
population. 1 2 Subarachnoid hemorrhage (SAH) 
caused by CA rupture occurs in approximately 
30 000 individuals in the USA each year and com- 
prises up to 7% of all strokes. 3 Approximately half 
of all patients with SAH die and, of the surviving 
patients, half have complications which interfere 
with daily life. 4 Little is known about the patho- 
physiology of CA formation. Inflammatory cells 
such as macrophages have been found in the walls 
of human CAs, 5-8 but it is not known whether 
inflammation causes aneurysm formation or 
whether it is an epiphenomenon to aneurysm for- 
mation. To develop novel treatments for aneurysms, 
a better understanding of the mechanism of aneur- 
ysm formation is necessary. 

A number of animal aneurysm models including 
saccular and fusiform aneurysms have been 
described. 9-19 These aneurysm models are used in 
both larger animals (dogs, pigs and rabbits) and 
smaller animals (rodents). Among the aneurysm 
models available, however, there are only a few 
intracranial saccular aneurysm models and all have 
limitations. 

Morimoto et al described a murine CA model in 
which approximately 78% of mice develop aneur- 
ysms at the anterior cerebral artery (ACA) and 
olfactory artery (OA) bifurcation. A limitation of 
this model, however, is that aneurysm development 
requires >4 months. Also, while some of the aneur- 
ysms can be observed under light microscopy, other 
aneurysms are so small that electron microscopy is 
needed to evaluate for aneurysms. Hashimoto et al 
described an elastase-induced aneurysm model in 
hypertensive mice, but this model is not intended 
for studying aneurysm rupture. 

We modified these two current models and 
developed a murine model to study aneurysm for- 
mation and rupture. 

METHODS 
Animals 

All animal procedures were performed under the 
approval of the University of Florida Animal Care 
and Use Committee. 

Human aneurysm specimens 

The collection and studies of human aneurysm spe- 
cimens and superficial temporal arteries (STAs) 
were performed under approval of our Institutional 
Review Board (IRB). Patients signed informed IRB 
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research consent before undergoing aneurysm surgery. 
Aneurysm (n=35; 34 unruptured and 1 ruptured) and control 
STA specimens (n=9) were harvested at the time of craniotomy 
and aneurysm clipping surgery. Aneurysm specimens were col- 
lected from the aneurysm dome. The tissues were immediately 
transferred into 4% paraformaldehyde. 

Description of model 

Female C57BL/6 mice (Charles River, Wilmington, Massachusetts, 
USA) aged 7-10 weeks were used. To induce chronic hyperten- 
sion, the right renal artery and the left common carotid artery 
(LCCA) were ligated using 8-0 nylon suture (Ethicon, Somerville, 
New Jersey, USA). One week later the mice were fixed in the 
stereotaxic frame with a mouse adaptor (Stoelting, Wood Dale, 
Illinois, USA). A small right burr hole was made with a drill using 
coordinates obtained from the Mouse Brain Atlas (the Mouse 
Brain in Stereotaxic Coordinates, 2nd edition): 1.2 mm rostral and 
0.7 mm lateral of the bregma. A Hamilton syringe with a 26G 
needle (Hamilton, Reno, Nevada, USA) adjoined to a syringe 
pump (Cole-Parmer, Vernon Hills, Illinois, USA) was advanced 
until contact with the skull base, upon which the needle was 
pulled back 0.3 mm. Elastase solution (Worthington Biochemical 
Corporation, Lake Wood, New Jersey, USA) was then injected into 
the right basal cistern. After elastase injection and closure of the 
skin over the burr hole, a separate small incision was made in the 
dorsal skin between the scapulae. A micro-osmotic pump (Durect, 
Cupertino, Massachusetts, USA) containing angiotensin II 
(BACHEM, Torrance, California, USA) in phosphate-buffered 
saline (PBS; 1000 ng/kg/min) was implanted into a subcutaneous 
pocket. The mice were fed a hypertensive diet (8% sodium chlor- 
ide and 0.12% p-aminopropionitrile; Sigma-Aldrich, St Louis, 
Missouri, USA). 

The animals were closely monitored each day for any neuro- 
logical symptoms until the end of the study. If any neurological 
symptoms such as inactivity, circling paresis or >15% weight 
loss were observed, the animal was immediately killed and the 
circle of Willis inspected. 

Three weeks after the elastase injection the mice were killed 
by cardiac perfusion of 3 mL 4% paraformaldehyde (PFA; 
Sigma-Aldrich) through the left ventricle. Immediately after the 
PFA cardiac perfusion, bromophenol blue dissolved in 10% (w/ 
v) gelatin/PBS solution was perfused through the left ventricle. 
The brains were harvested carefully followed by inspection of 
the circle of Willis by light microscopy. 

Bromopenol blue dye injection study 

To test the coordinates for injection and volume of solution neces- 
sary for aneurysm formation, female C57BL/6 mice (Charles 
River) aged 7-10 weeks were used. The coordinates were obtained 
from either the Mouse Brain Atlas (1.2 mm rostral and 0.7 mm 
lateral of bregma or 1.2 mm rostral and 1.0 mm lateral of bregma) 
or a previous model. 18 The total volume of 5, 10 or 20 uL of bro- 
mophenol blue solution (Sigma-Aldrich) (N=10 mice per cohort) 
was injected at the rate of 2 uL/min. Mice were immediately killed 
by cardiac perfusion from the left ventricle using 3 mL 4% PFA. 
The brains of the mice were dissected to determine the success of 
different injections. 

Elastase dose study 

In mice in which the aneurysm model was performed, a total 
volume of 5, 10 or 20 uL elastase solution (10 units/mL in PBS), 
10 uL elastase solution (1.0 unit/mL in PBS) or 20 uL bromo- 
phenol blue (n=10 mice for each) was injected into the right 
basal cistern at a rate of 2 uL/min via a stereotactic needle. 



Histological analysis 

After 24 h of paraformaldehyde fixation, specimens were either 
frozen prepared or paraffin embedded. For cryosection, the 
mouse tissues were transferred into 18% sucrose solution in 
PBS for 24 h at 4°C and embedded in OCT compound. The 
blocks were then sectioned into 5 urn using a cryostat. For paraf- 
fin embedding, the human tissues were transferred into 70% 
ethyl alcohol followed by embedding using a Milestone Histos 5 
Microwave Histoprocessor. The blocks were sectioned using a 
microtome into 5 urn sections. To evaluate the elastic lamina in 
mouse and human specimens, elastic Van Gieson staining was 
performed using an elastic stain kit (Thermo Scientific, 
Waltham, Massachusetts, USA) as indicated by the manufacturer. 
Immunohistochemistry (IHC) was performed on mouse and 
human aneurysms and control specimens. To evaluate aneurysm 
formation, the following antibodies were used for IHC: anti- 
mouse CD45 (Abeam, Cambridge, Massachusetts, USA), anti- 
human CD45 (DAKO, Carpinteria, California, USA), anti-mouse 
F4/80 (AbD Serotec, Raleigh, North Carolina, USA), anti-CD68 
(Abeam), anti-MECA32 (BD Pharmingen, San Jose, California, 
USA), anti-human vWF (BD Pharmingen) and anti-a-smooth 
muscle actin (SMA) (Sigma). Antigen heat retrieval with Citra 
buffer (pH 6.0) was required for F4/80, CD68 and vWF stain- 
ing. DAKO target retrieval solution was used for CD45 and 
MECA32 staining. 

Fluorescent and light microscopy 

Mouse aneurysms were tested and imaged using Leica dissection 
microscope with Volocity 3D analysis software and imaged 
using Olympus 1X71 inverted fluorescent scope (Olympus, 
Center Valley, Pennsylvania, USA) with Image Pro software. 

RESULTS 

Validation of stereotactic coordinates (bromophenol blue 
solution injection into right basal cistern) 

In mice that received 5, 10 or 20 uL bromophenol blue solution 
into the right basal cistern using our stereotactic coordinates 
(1.2 mm rostral and 0.7 mm lateral of bregma), blue dye was 
seen within the circle of Willis in all brains (10 of 10 each; 
figure 1A). In mice that received bromophenol blue injected 
using other coordinates (1.2 mm rostral and 1.0 mm lateral of 
bregma or previously described coordinates 18 ), only 30% (3 of 
10) and 50% (5 of 10) mice were found to have blue dye at the 
circle of Willis, respectively (figure IB). 

Elastase dose study 

All mice that received 5, 10 or 20 uL of lOU/mL elastase 
solution and 90% of mice that received 10 uL of 1.0 U/mL elas- 
tase solution were found to have circle of Willis aneurysms 
(figure 2A). Aneurysm rupture occurred in 20% of mice 
that received 10 uL of 1.0 U/mL elastase, in 40% that received 
5 uL of 10 U/mL elastase solution, 60% that received 10 uL of 
10 U/mL elastase solution and in 50% that received 20 uL of 
10 U/mL elastase solution (figure 2A). A small hemorrhage was 
observed in one of the mice that received 10 uL of 1.0 U/mL 
elastase solution and no aneurysm formation or neurological 
symptoms were observed. Neurological symptoms were 
observed within 14 days in 40% of mice that received 5 uL of 
10 U/mL elastase solution, in 50% that received 10 uL of 10 U/ 
mL elastase solution, in 50% that received 20 uL of 10 U/mL 
elastase solution and in none of the mice that received 10 uL 
of 1.0 U/mL elastase solution, which is significantly 
lower (p<0.05) than both the 10 uL of 10 U/mL dose and the 
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Figure 1 Infusion of bromophenol blue at different coordinates. (A) Light microscopic image of bromophenol blue infusion in the right basal 
cistern. After injection of bromophenol blue using coordinate 1 (1.2 mm rostral and 0.7 mm lateral of bregma), blue dye was seen within the circle 
of Willis (COW) in all brains (10 of 10 each). Asterisk indicates the site of injection (scale bar=5 mm). (B) Success rates of bromophenol blue dye 
infusion within the COW using various stereotactic coordinates. (C) Image of murine COW with coordinates (coordinate 1: 1.2 mm rostral and 
0.7 mm lateral of bregma; coordinate 2: 1.2 mm rostral and 1.0 mm lateral of bregma; coordinate 3:— 2.5 mm rostral and 1.0 mm lateral of bregma, 
5.0 mm ventral to the skull surface). 



*0 60 
ro 

* 40 



20 



□ Grade 2 



□ Grade 0 



l.OU/mL lOU/mL lOU/mL lOU/mL 
10f.iL 5|.iL 10|iL 20j.iL 



Control 



^ 100- 



E 
o 
S. 

E 
>• 



60- 



40- 



2 20- 



l.OU/mL 
10^L 



lOU/mL 

5|xL 



lOU/mL 
10fiL 



lOU/mL 
20|.iL 



Control 



D 





H 



* 





Figure 2 Dose-dependent effects of elastase injection on intracranial aneurysm formation. (A) Comparison between the concentration and volume 
of elastase solution and aneurysm formation within the circle of Willis (COW). Grade 0: normal arteries; Grade 1: abnormal/aneurysmal arteries; 
Grade 2: one aneurysm within the COW; Grade 3: two or more aneurysms within the COW; Grade 4: ruptured aneurysm. Light microscopic images 
indicate a Grade 1 (B), Grade 3 (C) and Grade 4 (D) aneurysm (scale bar=5 mm) and a magnified image of a ruptured aneurysm (scale bar=1 mm) 
(E). (F) Ratio of mice that showed neurological symptoms within 14 days after elastase injection (*p<0.05). (G) Image of murine COW. (H) Locations 
of aneurysm found within the COW. Most of the aneurysms (84.1%) were formed at the left side of the COW. Asterisk indicates the site of injection. 
X indicates the site of ligation of common carotid artery. 
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20 uL of 10 U/mL dose (figure 2F). None of the mice that were formed at the left side of the circle of Willis, which was 
received 20 uL bromophenol blue solution had aneurysm the same side as the common carotid artery ligations 
rupture or hemorrhage. Thirty-seven of 44 aneurysms (84.1%) (figure 2G). 
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Figure 3 Histological analysis of murine and human intracranial aneurysms. (A) Representative light microscopic images of murine and human 
intracranial aneurysm and control artery with elastic Van Gieson staining. The staining revealed destruction of elastic lamina in both murine and 
human aneurysms. Elastic fibers: dark blue to black; nuclei: black; collagen: red; other structures: yellow (scale bar=100 um). (B). Fluorescent 
microscopic images showing infiltration of inflammatory (CD45 (red) positive) cells and macrophages (F4/80 (red) positive cells) into the murine 
aneurysm but the absence of both in the control artery. Destruction of intimal endothelial (MECA32 (red) positive) cells and thickening of the 
smooth muscle (aSMA (red) positive) cell layer were observed within the murine aneurysm wall. Similar results were observed in human aneurysm 
specimens. Blue: O-diamidino-Z-phenylindole (scale bar=100 um). 
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Histological evaluation of aneurysm 

Histological analysis by elastic Van Gieson staining of the circle 
of Willis of mice that developed aneurysms demonstrated 
destruction of the elastic lamina within the aneurysm wall 
(figure 3A). IHC analysis of murine aneurysms revealed inflam- 
matory cell (CD45 positive cells) and especially macrophage 
(F4/80 positive cells) infiltration in the aneurysm wall, whereas 
none were found in the circle of Willis of sham-operated mice 
(figure 3B). Partial or complete absence of intimal endothelial 
cells, capillary formation (MECA32 positive cells) and thicken- 
ing of the smooth muscle cell layer in murine aneurysms were 
observed. These results are similar to those found in human 
aneurysms (figure 3B). 

DISCUSSION 

Little is known about the pathophysiology of CA formation and 
rupture. While studies of human aneurysm specimens collected 
during surgery 6 20-22 are instrumental to our basic understand- 
ing of CAs, they are limited in that these tissues are, in most 
cases, in the final stage of aneurysm growth. It is difficult to elu- 
cidate the role of cytokines and inflammation in earlier stages of 
aneurysm growth and development because human samples are 
generally not available at these early stages. A reliable animal 
model is necessary to study aneurysm pathophysiology and to 
identify potential novel therapeutic targets. 

In Morimoto's established rodent model of CA, approxi- 
mately 78% of animals develop aneurysms within the circle of 
Willis at the site of ACA and OA bifurcation. 17 However, one of 
the limitations of this model is that aneurysm development takes 
>4 months. Another limitation is the small size of the aneur- 
ysms, some of which are so small that they require visualization 
with an electron microscope. Hashimoto et al described an 
elastase-induced hypertensive mouse aneurysm model which has 
a much shorter time period of aneurysm development. 
Aneurysms occur in approximately 77% of wild type mice. 18 In 
our experience, the incidence of aneurysm formation with this 
model is inconsistent. One explanation may be the stereotactic 
coordinates described in the model paper, 18 which we tested 
with bromophenol blue dye injection and found that the dye 
surrounded the circle of Willis in only 50% of mice (figure IB). 

In our modified murine intracranial aneurysm model, mice 
consistently develop aneurysms. Inflammatory cells and macro- 
phages are routinely found within the aneurusmal wall and not 
in the normal circle of Willis. To our knowledge, our model is 
the first to consistently produce aneurysm rupture in an elastase 
dose-dependent manner. This is critical because further investi- 
gations should study the pathophysiology of aneurysm forma- 
tion and also the mechanisms by which aneurysms rupture, 
since there are limitations in using human specimens. One of 
the limitations in using human aneurysm specimens is that many 
cell responses/pathways occur during the earlier stages of aneur- 
ysm formation and development but, in many cases, aneurysm 
specimens are surgically removed in the later stages of aneurysm 
development. Particularly for ruptured aneurysm studies in 
human specimens, it is difficult to confirm whether or not all 
the inflammatory responses observed in the tissues are related to 
aneurysm development/rupture. Based on our elastase dose 
study, we recommend using 10 uL of 1.0 U/mL elastase to study 
aneurysm formation without rupture and 10 uL of 10 U/mL 
elastase to study aneurysm rupture. 

Hemodynamic stress is known to be a key factor in the patho- 
physiology of intracranial aneurysm formation. 23 - 26 We 
observed more aneurysm formation on the left side of the circle 



of Willis (figure 2C), since the hemodynamics had been 
changed by ligation of the LCCA. This model can be a useful 
tool for investigating the correlation between stress changes and 
formation of aneurysms. 

A limitation of this model is that aneurysm formation by elas- 
tase injection may not be the same as non-enzyme/chemical- 
induced aneurysms. The process of naturally occurring CAs is 
not known. We have found that elastase is necessary to produce 
the consistency of aneurysm formation in this model and other 
elastase aneurysm models. 18 

CONCLUSION 

We describe a modified murine intracranial aneurysm model 
that produces consistent aneurysms, demonstrates inflammatory 
cell infiltration in the aneurysm wall and produces aneurysm 
rupture in a dose-dependent manner. 
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